MCPs (metallocarboxypeptidases) of the M32 family of peptidases have been identified in a number of prokaryotic organisms, and only a few of them have been characterized biochemically. Members of this family are absent from eukaryotic genomes, with the remarkable exception of those of trypanosomatids. The genome of the CL Brener clone of Trypanosoma cruzi, the causative agent of Chagas' disease, encodes two such MCPs, with 64 % identity between them: TcMCP-1 and TcMCP-2. Both genes, which are present in a single copy per haploid genome, were expressed in Escherichia coli as catalytically active polyHistagged recombinant enzymes. Despite their identity, the purified TcMCPs displayed marked biochemical differences. TcMCP-1 acted optimally at pH 6.2 on acryloyl)}-AlaLys with a K m of 166 µM. Activity against benzyloxycarbonylAla-Xaa substrates revealed a P1 preference for basic C-terminal residues. In contrast, TcMCP-2 preferred aromatic and aliphatic residues at this position. The K m value for FA-Phe-Phe at pH 7.6 was 24 µM. Therefore the specificities of both MCPs are complementary. Western blot analysis revealed a different pattern of expression for both enzymes: whereas TcMCP-1 is present in all life cycle stages of T. cruzi, TcMCP-2 is mainly expressed in the stages that occur in the invertebrate host. Indirect immunofluorescence experiments suggest that both proteins are localized in the parasite cytosol. Members of this family have been identified in other trypanosomatids, which so far are the only group of eukaryotes encoding M32 MCPs. This fact makes these enzymes an attractive potential target for drug development against these organisms.
INTRODUCTION
Trypanosoma cruzi, a flagellated protozoan parasite, is the causative agent of the American trypanosomiasis, Chagas' disease. The parasite has a complex life cycle, including two replicative forms: the epimastigote, present in the gut of the insect vector, and the amastigote, an intracellular form in the infected mammal. The two infective non-replicative forms are the metacyclic trypomastigote in the insect vector, and the bloodstream trypomastigote released from infected cells into the blood of the mammal. The infection is endemic in Central and South America where its prevalence is estimated at 16-18 million cases, with 120 million people at risk. No vaccines have been developed so far, and the low effectiveness of the chemotherapeutic agents available makes treatment of Chagas' disease very difficult [1] . There is therefore a pressing need for the identification of novel drug targets and virulence factors to improve the prevention and treatment of this disease. In this context, the study of peptidases in protozoan parasites in general, and in trypanosomatids in particular, has acquired considerable importance over the last decade, since some of them have been proposed to play central roles in diverse processes such as cell invasion, differentiation, cell cycle progression, catabolism of host proteins and evasion of the host immune response [2] . The possibility of developing selective inhibitors of key proteases of pathogenic parasites has been explored vigorously in recent years as a novel chemotherapeutic strategy.
T. cruzi has been shown to contain several proteolytic activities [3] . Among them, the best characterized are endopeptidases, such as the cysteine proteinase, cruzipain, which is the major proteolytic activity in the parasite. Other endopeptidases described more recently include a 30 kDa cathepsin B-like cysteine proteinase [4] , two serine proteinases belonging to the prolyl oligopeptidase family [5, 6] , a GPI (glycosylphosphatidylinositol)-anchored membrane metalloproteinase of the leishmanolysin family [7] and the proteasome [8, 9] . The study of exopeptidases in T. cruzi, on the other hand, has received little attention. Except for the detection of some activities (a dipeptidyl aminopeptidase and one or more aminopeptidases) in cell-free extracts [10] , and the characterization of a lysosomal serine carboxypeptidase (TcCBP) [11] , very little is known about these enzymes.
Carboxypeptidases are peptidases that cleave the C-terminal amino acid residue from peptides and proteins. On the basis of their catalytic mechanism, they are divided into two major classes, namely metallopeptidases and serine peptidases [12] . MCPs (metallocarboxypeptidases) are ubiquitous in Nature and typically have a single zinc ion bound to the active site [13] . Previous studies on Thermus aquaticus, an extremely thermophilic bacterium, led to the identification of a new zinc-dependent MCP [14] . The biochemical characterization of Thermus aquaticus carboxypeptidase (TaqCP) demonstrated that this enzyme was distinct from any other carboxypeptidase in both size and sequence [15] . TaqCP contained a HEXXH signature which is a common conserved sequence found so far in the active site of neutral metalloendopeptidases [15] , but not described previously in a carboxypeptidase. These findings demonstrated that TaqCP was a novel type of MCP and the first member of a new and independent family (M32) named as the carboxypeptidase Taq family [16] . Another member of the M32 family that has been characterized is the archaeal Pyrococcus furiosus carboxypeptidase (PfuCP). As with TaqCP, PfuCP is a thermostable enzyme with a broad specificity towards a wide range of C-terminal substrates that include basic, aromatic, neutral and polar amino acids [17] . Important insights into the structural features of this family came from the structure of PfuCP to 2.2 Å (1 Å = 0.1 nm) resolution, which revealed that this enzyme has a similar fold to neurolysin, a zincdependent endopeptidase that cleaves neurotensin [18] .
Sequence alignments have identified M32 family members in species from a very limited phylogenetic range that includes bacteria, archaea and trypanosomatids (including T. cruzi, Trypanosoma brucei, Trypanosoma vivax and Leishmania major), but no metazoa, suggesting that the genes have been acquired by horizontal gene transfer or retained for some special function that is no longer essential for higher organisms.
In the present paper, we report the cloning, sequencing, expression and biochemical characterization of two MCPs from the T. cruzi CL Brener clone belonging to the M32 family (TcMCPs). These are the first members of this family to be characterized in a eukaryotic organism. Our results add to our knowledge of the peptidases present in the parasite, and may offer a new target for the development of a rational chemotherapy against Chagas' disease and other diseases caused by trypanosomatids.
MATERIALS AND METHODS

Materials
Peptide substrates were purchased from Sigma-Aldrich and Bachem Bioscience. All other reagents were purchased from Sigma unless otherwise stated.
Parasite cultures
The different developmental forms of the parasite (epimastigote, metacyclic trypomastigote, cell-derived trypomastigote and amastigote) of the T. cruzi CL Brener cloned stock [19] were obtained as described previously [20] .
DNA purification
DNA was obtained from epimastigotes of T. cruzi by using the Proteinase K/phenol/chloroform method [21] .
Southern blot analysis
Genomic DNA (4 µg/reaction) was digested using restriction enzymes according to the manufacturer's instructions (New England Biolabs). DNA fragments were run on a 0.8 % agarose gel, transferred on to a nylon membrane (Hybond TM -N+; Amersham Biosciences) [22] and UV cross-linked. PCR-amplified fragments of the complete TcMCP-1 or TcMCP-2 ORFs (open reading frames) were labelled with [γ -32 P]dCTP following standard procedures [21] . Filters were hybridized with the different probes for 12 h at 62
• C in 0.5 M sodium phosphate buffer, pH 7.4, 1 mM EDTA, 1 % BSA and 7 % SDS. The membranes were thoroughly washed at 62
• C with 20 mM sodium phosphate buffer, pH 7.4, and 0.1 % SDS, and subjected to autoradiography.
Molecular cloning of MCP genes from T. cruzi CL Brener clone
In order to clone both MCP genes from T. cruzi CL Brener clone, four synthetic oligonucleotide primers were designed: TcMCP-1 ATG (5 -GGATCCATGAAGCCGTATAAAGAGCTG-3 ); TcMCP-1 STOP (5 -GAATTCTAATCCCCTATCGTCGCGAT-3 ); TcMCP-2 ATG (5 -GGATCCATGGAGGCATACAAGAA-GCTTG-3 ); and TcMCP-2 STOP (5 -GAATTCTTAACCCAA-GTTGTCACGATAACG-3 ). PCR amplification was carried out using genomic DNA. PCR conditions were as follows: initial denaturation (5 min at 94
• C), denaturation (1 min at 94 • C), annealing (45 s at 62
• C) and elongation (90 s at 72 • C); followed by a final extension step (10 min at 72
• C). The PCR products were isolated from a 1 % agarose gel, purified using the Qiaex II protocol (Qiagen) and cloned into pGEM-T Easy vector (Promega). Sequencing of the products was performed using an ABI 377 DNA sequencer (PerkinElmer).
Expression and purification of polyHis-tagged recombinant TcMCPs
TcMCP-1 and TcMCP-2 genes were excised as BamHI/EcoRI fragments from the respective pGEM-T Easy plasmids, gelpurified and subcloned into the BamHI and EcoRI sites of the pTrcHis A expression vector. The resulting constructs presented a polyHis tag at the N-terminus and an enterokinase cleavage site.
pTrcHis A-TcMCP constructs were transformed into Escherichia coli XL1 Blue cells. N-terminally poly-His-tagged fusion proteins were expressed by induction of exponential phase cultures (200 ml; D 600 = 0.6) with 1 mM IPTG (isopropyl β-Dthiogalactoside) for 7 h at 18
• C with vigorous (250 rev./min) shaking. Bacteria were harvested by centrifugation at 5000 g for 30 min at 4
• C, resuspended in 20 ml of 50 mM Tris/HCl, pH 7.6, 150 mM NaCl, 0.1 % Triton X-100, 1 mM PMSF and 1 mg/ml lysozyme, and centrifuged at 12 000 g for 30 min at 4
• C to obtain the bacterial crude extract.
The recombinant enzymes were purified in one step using Nior Co-NTA (nitrilotriacetate) resin (ProBond) pre-equilibrated in 50 mM Tris/HCl buffer, pH 7.6, containing 150 mM NaCl and 20 mM imidazole. The bacterial crude extract was percolated twice through the column which was washed with 50 ml of the equilibration buffer. TcMCPs were eluted with 50 mM Tris/HCl buffer, pH 7.6, 150 mM NaCl and 300 mM imidazole. Samples were desalted using a PD-10 column (Amersham Biosciences) according to the manufacturer's specifications. Sample purity was evaluated on a Coomassie Blue-stained SDS/10 % polyacrylamide gel.
For an alternative purification procedure of TcMCP-1, the bacterial crude extract was prepared in the absence of NaCl and applied to a Q-Sepharose column (Sigma) equilibrated in 50 mM Tris/HCl buffer, pH 7.6. The column was washed with 50 ml of the same buffer containing 100 mM NaCl. Recombinant TcMCP-1 was eluted with 50 mM Tris/HCl buffer, pH 7.6, and 200 mM NaCl. The eluate was concentrated using Centriprep YM-30 (Amicon) and applied to a Superdex 200 column (Amersham Biosciences) equilibrated with 50 mM Tris/HCl buffer, pH 7.6, and 250 mM NaCl. The active fractions were pooled, diluted 1/5 with 50 mM Tris/HCl buffer, pH 7.6, and loaded on a MonoQ HR 10/10 anion-exchange column equilibrated with the same buffer. Proteins were eluted with a 0-0.2 M linear NaCl gradient in 8 column vol. Fractions (0.5 ml) were collected at a rate of 1 ml · min −1 .
Expression and purification of TcMCPs fused to GST (glutathione S-transferase)
TcMCP-1 and TcMCP-2 genes were also cloned into the BamHI and EcoRI sites of the pGex 2T expression vector (Amersham Biosciences) as described above. Both TcMCP constructs were transformed into E. coli BL21 Codon Plus (DE3) cells. GSTfusion proteins were expressed by induction of exponential phase cultures (200 ml; D 600 = 0.6) with 1 mM IPTG for 12 h at 18
• C with vigorous (250 rev./min) shaking. Bacterial crude extracts were obtained as mentioned above.
Recombinant fusion proteins were purified using a glutathioneagarose resin (Sigma) equilibrated with 50 mM Tris/HCl, pH 7.6, and 150 mM NaCl. The column was washed with 5 column vol. of the equilibration buffer. Samples were eluted with 50 mM Tris/HCl, pH 7.6, and 150 mM NaCl containing 10 mM reduced glutathione.
Gel-filtration experiments
Gel filtration was conducted using a Superose 12HR 10/30 (Pharmacia Biotech) column, eluted with 50 mM Tris/HCl buffer, pH 7.6, containing 0.25 M NaCl. Molecular-mass markers were Vitamin B12 (1.3 kDa), myoglobin (17 kDa), ovalbumin (44 kDa), BSA (66 kDa), and γ -globulin (158 kDa).
Enzyme assays
Routinely, recombinant TcMCP-1 activity was assayed using FA {N- (3-[2-furyl] acryloyl)}-Ala-Lys (200 µM) as substrate in 100 mM Mes, pH 6.2. The hydrolysis of FA-Phe-Phe (100 µM) by recombinant TcMCP-2 was measured in 50 mM Tris/HCl, pH 7.6. Initial steady-state velocity was determined by continuous assay for a range of substrate concentrations at 340 nm with a Beckman DU 650 spectrophotometer. One unit of activity was defined as the amount of enzyme that released 1 µmol of the group being cleaved per min at 25
• C. Kinetic parameters for recombinant TcMCP-1 were determined using FA-Phe-Phe and FAAla-Lys in 100 mM Mes, pH 6.2, in the presence or absence of 50 µM CoCl 2 . Recombinant TcMCP-2 activity was assayed with FA-Phe-Phe in 50 mM Tris/HCl, pH 7.6, also in the presence or absence of 50 µM CoCl 2 . The substrate preference with respect to P1 position was determined using ZAX (benzyloxycarbonylAla-Xaa) substrates. The TcMCP activities were assayed using the ninhydrin method [17] with 1 mM ZAX as substrate at 30
• C in their optimal buffers. One unit of enzyme was defined as the amount of enzyme that produced a ninhydrin-positive substance corresponding to 1 µmol of amino acid per min.
pH profile and thermostability
The pH profiles of the TcMCPs were determined by incubating the enzymes for 5 min at 25
• C before the addition of the substrate in the following buffers at 100 mM: Mes (pH 5-6.7), Mops (pH 6.5-7.9) and Hepes (pH 7-8.2). For TcMCP-2, 50 mM Tris/HCl, pH 7.6-9, was used in addition.
Thermostability was analysed by measuring residual TcMCP activities after pre-incubating both enzymes for 5 min at a given temperature in their optimal buffers.
Effects of metal ions
Metal-ion-dependence was investigated by assaying TcMCP activities after pre-incubation of bacterial crude extracts (5 µl, 5 min) with the metal chlorides. Purified TcMCPs (≈ 200 ng) were also tested to confirm the effects seen in crude extracts. TcMCP-1 residual activity was assayed using 200 µM FA-Ala-Lys in 100 mM Mes, pH 6.2, whereas TcMCP-2 activity was analysed with 100 µM FA-Phe-Phe in 50 mM Tris/HCl, pH 7.6.
Metal cations were also tested for their ability to reactivate metal-depleted TcMCPs (apo-TcMCPs). The recombinant TcMCP-GST fusion proteins were dialysed against 10 mM EDTA in 50 mM Tris/HCl, pH 7.6, for 16 h at 4
• C. EDTA was removed using a PD-10 column. Apo TcMCPs were incubated for 5 min with metal chlorides (0.01-10 mM) before activity was assayed.
Preparation of parasite extracts
T. cruzi CL Brener clone cells (1 × 10 9 ) were broken by three cycles of freezing at − 20
• C and thawing. The parasite pellets were extracted with 200 µl of 50 mM Tris/HCl, pH 7.6, containing 1 mM PMSF and 10 µM E-64 [trans-epoxysuccinyl-L-leucylamido-(4-guanidino)butane]. The preparation was centrifuged at • C). The pellet was extracted again with the same buffer and centrifuged under identical conditions. The combined supernatants were centrifuged at 26 900 g for 30 min at 4
• C. The cell-free extract was retained and the pellet was discarded. Activity against FA-Ala-Lys substrate (200 µM) was assayed in 100 mM Mes, pH 6.2. The hydrolysis of FA-Phe-Phe (100 µM) was measured in 50 mM Tris/HCl, pH 7.6, containing 1 mM CoCl 2 .
Antibodies
Polyclonal antibodies against TcMCP-1 were obtained in rabbits using purified recombinant His-tagged TcMCP-1 as immunogen. Additional antisera were also raised in rabbits by using the synthetic peptide DLMDGNIEAEEVPRC, corresponding to amino acid residues 371-384 of TcMCP-1 and the synthetic peptide GLIEGKLRVEDVPAC, corresponding to the equivalent amino acid residues in TcMCP-2. The C-terminal cysteine residue was added in both cases for the covalent linking of the peptides to the carrier KLH (keyhole-limpet haemocyanin) (Pierce).
Western blot analysis
For Western blots, soluble T. cruzi extracts (100 µg) were resolved on a SDS/10 % polyacrylamide gel, transferred on to a nitrocellulose Hybond TM ECL ® (enhanced chemiluminescence) membrane (Amersham Biosciences), blocked in 3 % (w/v) nonfat dried milk powder, 2 % glycine and 150 mM NaCl in 50 mM Tris/HCl, pH 7.6 [TBS (Tris-buffered saline)] and incubated with TcMCP-1 antiserum (1:1000, 2 h) or anti-TcMCP-2 peptide (1:500, 2 h) in blocking buffer. Blots were washed twice with TBS for 10 min, once with 0.05 % Nonidet P-40 in TBS for 10 min and twice with TBS for 10 min. Horseradish-peroxidase-conjugated goat anti-rabbit IgG (Sigma) (1:10 000, 1 h) in blocking buffer was used as secondary antibody. The membranes were washed again and developed using SuperSignal WestPico Chemiluminescent Substrate (Pierce).
Immunofluorescence experiments
For immunofluorescence experiments, parasites from different life cycle stages of the T. cruzi CL Brener clone were air-dried on poly(L-lysine)-coated glass coverslips, fixed with 4 % (w/v) paraformaldehyde in PBS (20 min), incubated with 25 mM NH 4 Cl (10 min), permeabilized with 2 % BSA, 0.1 % saponin, 2 % normal goat serum in PBS (30 min) and incubated with antiTcMCP-1 rabbit serum (1:500) or anti-TcMCP-2 peptide rabbit serum (1:500) with 2 % BSA, 0.1 % saponin in PBS (1 h). Coverslips were washed three times with PBS for 1 min. Alexa Fluor ® 488-conjugated goat anti-rabbit IgG (H + L) (Molecular Probes) (1:1000) (1 h) was used as secondary antibody. Nucleus and kinetoplast were stained with DAPI (4 ,6-diamidino-2-phenylindole) (5 mg · ml −1 ). Coverslips were washed again three times with PBS for 1 min and mounted using 15 µl of Fluor Save (Calbiochem). Samples were examined with a Nikon Eclipse E6000 microscope using appropriate fluorescence filters and photographed with a digital Spot RT Slider camera.
RESULTS
The T. cruzi genome encodes two MCPs of the M32 family
Following previous work in which we characterized a serine carboxypeptidase [11] , we obtained a partial genomic clone containing the sequence of what seemed like another (but different) carboxypeptidase. Screening of the then available T. cruzi genome data (unassembled genomic sequences) using this sequence as a query led us to assemble two DNA contigs encoding putative proteins with sequence similarity to thermostable carboxypeptidases of the M32 family. To avoid dealing with possible assembly artefacts we proceeded to (i) amplify, clone and sequence the genes, and (ii) check the accuracy of the assembly by Southern blot with selected restriction enzymes. Using specific primers (see the Materials and methods section), we amplified and sequenced both genes which we named TcMCP-1 and TcMCP-2 and deposited in the DDBJ, EMBL, GenBank ® and GSDB Nucleotide Sequence Databases under accession numbers AJ704363 and AJ704364. The TcMCP genes contained an ORF of 1512 bp and encoded polypeptides with predicted molecular masses of 57.7 kDa and 58.3 kDa. Not surprisingly, we found that our versions of these genes (also from T. cruzi CL Brener) have minor point differences when compared with those from the T. cruzi Genome Project (accession numbers Tc00.1047053504153.160 and Tc00.1047053504045.60). These differences are probably due to the merging of the two alleles into a single consensus sequence during genome assembly, since for all differing sites we were able to find support from individual (i.e. unassembled) GSS (Genome Sequence Survey) sequences.
In order to confirm the estimated copy number of TcMCP genes and check the accuracy of our assembly we performed Southern blot analysis. T. cruzi genomic DNA digested with restriction enzymes that do not cut within the TcMCP-1 or TcMCP-2 ORF (BamHI, BstXI, EcoRV, NcoI, NdeI and XhoI) yielded single bands when probed with the corresponding full-length TcMCP-1 or TcMCP-2 gene, whereas endonucleases with a single restriction site inside the ORFs (AvaI, PstI, AccI and SacII) rendered two bands (Figure 1 ). Some enzymes (HincII and KpnI) produced The complete TcMCP-1 and TcMCP-2 ORFs are 1512 bp long and predict polypeptides of 503 amino acid residues with calculated masses of 57.7 kDa and 58.3 kDa respectively. In the alignment, sequences were sorted by similarity to the TcMCP-1 using the ClustalW program [45] . Similar residues according to the BLOSUM62 matrix are indicated by different tones of grey, according to the degree of similarity. The most highly conserved motifs of the enzyme (HPF, DXRXT; HESQ, IRXXAD and GXXQDXHW) are indicated with white letters. The metal-ion-binding motif (HEXXH) is marked with an asterisk (*) and the active-site glutamic acid residue is indicated by ᭹. GenBank ® accession numbers with percentage identity with TcMCP-1 and TcMCP-2 respectively are as follows: Vibrio cholerae O1 biovar El Tor str. N16961, NP 231057, 46 % and 45 %; Rickettsia rickettsii, ZP 00153287, 36 % and 36 %; Bacillus subtilis subsp. subtilis str. 168, NP 390090, 33 % and 34 %; P. furiosus, 1KA4A, 31 % and 33 %; and Prochlorococcus marinus subsp. pastoris str. CCMP1986, NP 892611, 31 % and 27 %. (B) Sequences were aligned using ClustalW. Starting from this initial alignment, a larger dataset (100 replicates) was obtained by bootstrap resampling using the SEQBOOT program with all the default options. Phylogenies from protein sequences were estimated using the PROTPARS parsimony analysis. The consensus tree was computed using the program CONSENSE (majority-rule consensus tree method). Bootstrap values are shown on the nodes. SEQBOOT, PROTPARS and CONSENSE are part of the Phylogeny Inference Package (Phylip version 3.6a2). MCP accession numbers other than those described in the legend to Figure 1 three bands when probed with the TcMCP-2 gene which correspond to the two TcMCP-2 alleles. Thus TcMCP genes are present as a single copy per haploid genome.
Sequence and comparative genomics analysis
Both TcMCP proteins were subjected to domain analysis against Interpro [23] and Smart [24] databases which confirmed the presence in both T. cruzi enzymes of amino acid motifs related to M32 peptidases. Figure 2(A) shows the amino acid alignment of TcMCP-1, TcMCP-2 and five prokaryotic members of the M32 family. The TcMCPs described here shared 64 % identity with each other and displayed the highest sequence identity (46-36 %) with those M32 proteins of the proteobacteria group. The sequence of TcMCPs contains the canonical HEXXH motif that includes the active-site glutamic acid residue at position 268 [18] , flanked by two histidine residues (positions 267 and 271) that coordinate the catalytic metal ion (Figure 2A) . TcMCPs also present the third metal ligand glutamic acid residue (position 296) of the HEGQ signature conserved in all M32 peptidases. Additional key residues, proposed to bind the C-terminal carboxylate group and promote release of the cleaved amino acid product, are conserved when comparing TcMCPs with the crystallized PfuCP, these residues include Arg 348 and Asp 407 from the IRXXAD and GXXQDXHW motifs respectively.
An extensive search of the publicly available genome sequences at the NCBI non-redundant (nr) database (http://www.ncbi.nlm. nih.gov) using the BLAST (basic local alignment search tool) allowed us to identify M32 MCP genes in multiple prokaryotic organisms. However, their phylogenetic distribution was quite peculiar, as trypanosomes and leishmanias were the only eukaryotic organisms in which members of this family were found (see Supplementary Table S1 at http://www.BiochemJ.org/bj/401/ bj4010399add.htm). To analyse further the phylogenetic relationships of protozoan parasite MCPs, an unrooted tree using the full-length amino acid sequences of several M32 peptidases was constructed. As shown in Figure 2 (B), MCPs from trypanosomatids seem to be closely related to the enzymes of the proteobacteria group.
Expression and purification of recombinant TcMCPs
On the basis of these particular findings, we decided to analyse the enzymatic properties of both T. cruzi enzymes. The full-length TcMCP genes were cloned into the bacterial expression vector pTrcHisA, and expressed in E. coli XL1 Blue cells as N-terminally polyHis-tagged recombinant enzymes. TcMCP-2 was purified in one step using Co-NTA affinity chromatography with a yield of 1-2.5 mg/l of bacterial culture. As recombinant TcMCP-1 was inhibited by Co 2+ , it had to be purified using a conventional purification scheme including three steps, namely gel filtration and two ion-exchange chromatography steps. In a standard preparation, 0.33 mg of homogeneous TcMCP-1 was obtained from 21 mg of protein in the bacterial cell-free extract, with a 20.4-fold purification and 32 % recovery (Table 1) . Recombinant TcMCPs were evaluated for purity on Coomassie Blue-or silver-stained SDS/10 % polyacrylamide gels. The apparent subunit molecular masses of both purified enzymes (approx. 58 kDa) were in good agreement with the calculated masses of the affinitytagged products of the corresponding genes (approx. 62 kDa) (Figure 3) . TcMCP-1 and TcMCP-2 eluted in a single peak from a Superose 12HR 10/30 column with an apparent molecular mass corresponding to 128 kDa and 132 kDa respectively, indicating that both enzymes associate into catalytically active homodimers. Purified recombinant TcMCP proteins were used in enzymatic assays with N-blocked furylacryloyl dipeptides commonly employed for screening carboxypeptidases. These experiments 
Figure 5 Differential expression of MCPs in T. cruzi life cycle stages
Western blots of soluble extracts (100 µg) of epimastigotes (E), amastigotes (A), cell-derived trypomastigotes (T) and metacyclic trypomastigotes (M), probed with anti-TcMCP-1 (A) or with anti-TcMCP-2 peptide (B). Molecular-mass sizes are given in kDa. (C) Carboxypeptidase activity was assayed in parasite cell-free extracts prepared by the freezing and thawing method. Activity against FA-Ala-Lys (grey bars) was determined in 100 mM Mes buffer, pH 6.2. TcMCP-2 activity was measured in 50 mM Tris/HCl, pH 7.6, and 1 mM CoCl 2 with FA-Phe-Phe as substrate (white bars).
revealed that recombinant TcMCP-2 exhibits a significant hydrolytic activity against the carboxypeptidase A (subfamily M14A) substrate FA-Phe-Phe at pH 7.6-8, whereas recombinant TcMCP-1 optimally cleaved the CPB (carboxypeptidase B) (subfamily M14B) substrate FA-Ala-Lys at pH 6.2-7.3. In both cases, carboxypeptidase activities declined under mildly acidic conditions (pH 5.5). Metal-ion chelators EDTA (10 mM) and o-phenanthroline (1 mM) were strong inhibitors of both proteins, consistent with the TcMCPs being metal-dependent enzymes. As expected, the serine peptidase inhibitor PMSF (2 mM) and the cysteine peptidase inhibitor E-64 (10 µM) had no effect on TcMCPs activities (results not shown). , the most common metallopeptidase cofactor, inhibited both recombinant TcMCPs at micromolar excess. A similar phenomenon was reported for several zinc peptidases [25] [26] [27] and was attributed to a second Zn 2+ ion that binds the active site [28, 29] . To study the effects of bivalent cations on metal-depleted TcMCPs (apo-TcMCPs), the GST-fused recombinant enzymes were dialysed against the metal-ion chelator EDTA (10 mM) as described in the Materials and methods section, leading to the inactive apo-enzymes. Incubation with 0.1 mM Mn 2+ or Co 2+ reactivated apo-TcMCP-1 by up to 28 % and 20-24 % respectively. Zn 2+ had less effect (5-6 % maximal reactivation at 10 µM). Higher metal concentrations did not afford a higher recovery of activity and resulted in enzyme inhibition. Co 2+ at 1 mM completely restored apo-TcMCP-2 activity on FA-Phe-Phe, whereas 1 mM MnCl 2 reactivated the enzyme up to 82-90 %. Zn 2+ had no effect on apo-TcMCP-2. This behaviour was also reported for PfuCP, which was activated in the presence of Co 2+ , but not in the presence of Zn 2+ [17] . The poor activity recovery by apo-TcMCP-1 might be due to its lower stability, since TcMCP-1 control (dialysed against 50 mM Tris/HCl, pH 7.6) lost almost 50 % of its activity compared with the TcMCP-2 control. It has been suggested for several metalloproteins that removal of the bivalent cation induces conformational changes that result in enzyme inactivation [30, 31] .
Effects of metal ions
Kinetic parameters and P1 preference
Kinetic parameters of recombinant TcMCP-1 activity in 100 mM Mes, pH 6.2, with FA-Ala-Lys as substrate were determined from a Lineweaver-Burk plot: K m 166 µM, k cat 20 s −1 . When Co 2+ was added to the reaction mixture, FA-Ala-Lys was hydrolysed at a lower rate, with a k cat value 28 % of that seen in its absence. Interestingly, recombinant TcMCP-1 activity on FA-Phe-Phe was enhanced in the presence of Co 2+ , although the substrate was much less efficiently hydrolysed: k cat /K m 9.6 s −1 · mM −1 . In the absence of Co 2+ , it was possible to detect activity on FA-Phe-Phe only when 10-fold more enzyme was used (up to 5 µg). Recombinant TcMCP-2 purified by IMAC (immobilized metal-ion-affinity chromatography) Co 2+ had a K m value of 24 µM for the hydrolysis of FA-Phe-Phe in 50 mM Tris/HCl, pH 7.6 (Table 3) .
To characterize further the substrate preference with respect to the P1 position of the identified TcMCPs, several commercially available ZAX (X represents a different amino acid as indicated by the single-letter amino acid code) dipeptides were used. As shown in Figure 4 , the recombinant TcMCP-1 acted best on substrates having a basic amino acid at P1 position. Activity was very low with hydrophobic C-terminal residues. In contrast, recombinant TcMCP-2 seems to have preference for aliphatic, even glycine, and aromatic amino acids, not acting on basic substrates (ZAR or ZAK). For both enzymes, no activity was seen against ZAH, ZAP, ZAD or ZAE.
We have also performed similar experiments with the fulllength TcMCP-1 and TcMCP-2 produced as GST-fusion proteins. These experiments confirmed the above results for substrate specificity and sensitivity to metal cations obtained by using Histagged TcMCPs (results not shown).
TcMCPs are not thermostable
As both M32 carboxypeptidases characterized previously were thermostable, many M32 sequences belonging to mesophilic organisms were subsequently annotated as putative thermostable carboxypeptidases, including the TcMCP-2 gene. To confirm or discard this possibility, we incubated recombinant TcMCPs at different temperatures. Both enzymes drastically decreased their activity in response to increasing temperatures. Residual activities measured under standard conditions after 5 min of incubation at 50
• C were 21.4 % and 27.5 % for TcMCP-1 and TcMCP-2 respectively, as expected from a mesophilic organism.
Expression of TcMCPs in T. cruzi
In order to analyse the expression of TcMCPs in all developmental stages of T. cruzi, we obtained antibodies against TcMCP-1 and TcMCP-2 (see the Materials and methods section). Cell-free extracts of epimastigotes, amastigotes, cell-derived trypomastigotes and metacylic trypomastigotes were subjected to Western blot analysis. Antibodies raised against the recombinant TcMCP-1 recognized a single band with an apparent molecular mass of 59 kDa in all life cycle stages of the parasite ( Figure 5A ). On the other hand, polyclonal anti-TcMCP-2 peptide serum solely detected a 58 kDa band in soluble extracts prepared from the epimastigote and metacyclic forms ( Figure 5B ). In good agreement with the results presented above, carboxypeptidase activity against FAAla-Lys was detected in all developmental stages of T. cruzi, whereas the FA-Phe-Phe substrate was hydrolysed solely by the parasite insect stages ( Figure 5C ). These data suggest a differential pattern of expression of TcMCP-2 during the T. cruzi life cycle.
TcMCP subcellular localization
The subcellular localization of TcMCPs was studied by indirect immunofluorescence as described in the Materials and methods section. T. cruzi cells were fixed and permeabilized with saponin before antibody binding. Polyclonal antiserum raised against recombinant TcMCP-1 or TcMCP-2 peptide yielded a diffuse uniform fluorescence throughout the cytosol of the epimastigote and metacyclic forms of the parasite (Figure 6 ). Mammalian stages solely revealed reactive material distributed throughout the cell bodies of the parasites when they were incubated with TcMCP-1 antiserum. On the other hand, amastigotes probed with anti-(TcMCP-2 peptide) antibody presented low labelling, whereas no signal could be detected in cell-derived trypomastigotes. These observations, together with those derived from analysis of the primary sequences (i.e. absence of a predicted signal peptide) suggest that both TcMCPs are cytosolic enzymes.
DISCUSSION
In the present paper, we report the cloning, genetic analysis and biochemical characterization of two novel MCPs of the M32 family from T. cruzi CL Brener clone. In contrast with cruzipain [32] and TcCBP [11] , TcMCP genes are present in a single copy per haploid genome. Their encoded proteins displayed 20-60 % identity with other M32 peptidases, showing the higher similarity scores with those of the proteobacteria group. The TcMCPs described here lack the canonical HEXXE(X) 123−132 H motif characteristic of the M14 family of carboxypeptidases (subfamilies M14A, M14B and M14C) and instead contain the HEXXH signature present in metalloendopeptidases, such as thermolysin (family M4) [18] . This work represents the first identification of a M32 peptidase from any eukaryotic organism.
To explore further the functional relevance of TcMCP proteins, we performed enzymatic analysis with both recombinant enzymes (TcMCP-1 and -2) produced in E. coli. This analysis provided evidence that these eukaryotic proteins are catalytically active carboxypeptidases that exhibit sensitivity to general metallopeptidase inhibitors. Despite their identity (64 %), the TcMCPs showed marked differences. Whereas TcMCP-2 could cleave aliphatic, neutral and aromatic residues at the P1 position, TcMCP-1 exhibited a narrow substrate specificity, acting best on basic residues at a lower pH, resembling the subfamily M14B. This makes TcMCP-1 different from those enzymes of the M32 family characterized to date: TaqCP and PfuCP, which exhibited broad substrate specificity for most peptides, except for those containing C-terminal acidic residues [14, 17] . Intriguingly, TcMCP-1 substrate specificity could also be modulated by metal cations. Thus the presence of Co 2+ ions enhanced the activity on FA-Phe-Phe, whereas it inhibited the activity on FA-Ala-Lys. A change in substrate specificity, related to a change in the metal cofactor, has been reported for CPB from human plasma: with cobalt at the active site, CPB activity towards the ester substrate hippuryl-L-arginic acid was stimulated, whereas hydrolysis of the peptide substrate hippuryl-L-arginine was inhibited. The opposite trend was observed with cadmium at the active site [33] . Unfortunately, there are no data on the cytoplasmic levels of Co 2+ , Mn 2+ and Ni 2+ in T. cruzi, therefore we cannot speculate on the possibility that this substrate modulation is operating in vivo.
In solution, the recombinant TcMCP-1 and TcMCP-2 exist as homodimers of 128 kDa and 132 kDa respectively, as determined by gel-filtration chromatography. In good agreement with these results, the primary structure of TcMCPs show conserved hydrophobic amino acid residues (Ala 24 ) that were supposed to be involved in PfuCP dimer stabilization, some of which are lost in the monomeric TaqCP [18] . There is no evidence of post-translational processing, since the native TcMCPs were detected by Western blot analysis at a molecular mass corresponding to the size deduced from the sequence data. A different pattern of expression of both TcMCPs was detected during the T. cruzi life cycle.
Whereas TcMCP-1 is expressed at similar levels throughout the life cycle of the parasite, TcMCP-2 is found mainly in the insect vector stages, suggesting that its expression is developmentally regulated.
Orthologue genes of TcMCP-1 (displaying 59-72 % identity with the corresponding T. cruzi enzyme) have been annotated in the genomes of T. brucei and L. major (see Supplementary  Table S1 ). Interestingly, all of these genes share the same genomic context (i.e. they are present in syntenic regions). In contrast, analysis of the TcMCP-2 genomic locus suggest that this gene is species-specific, since it occurs at a non-syntenic chromosome region. Nevertheless, a phylogenetic analysis of parasite MCPs clustered TcMCP-2 within TcMCP-1-related proteins, suggesting that it could have arisen by gene duplication (see Supplementary Figure S1 at http://www.BiochemJ.org/bj/401/bj4010399add. htm). Likewise, multiple M32 genes and pseudogenes were identified through searches against the L. major genome [34] and other Leishmania spp. genomes whose sequencing is underway [35] . These findings illustrate the complexity of the M32 family within the trypanosomatids which is not seen in prokaryotic organisms and might be the result of specific adaptations to distinct species-specific selection pressures and survival strategies of each organism.
An additional distinctive feature of the M32 family is its particular phylogenetic distribution. In fact, our in silico analysis revealed that these enzymes are widely distributed in bacterial and archaeal organisms, but are absent in most eukaryotic genomes fully sequenced so far. This phylogenetic distribution could be explained by considering different evolutionary scenarios. One possibility is that of horizontal gene transfer between an ancestral proteobacterium (the most likely donor based on the phylogenetic tree in Figure 2B ) and an ancestral trypanosomatid. This hypothetical scenario explains the presence of M32 genes in trypanosomatids and their absence in other eukaryotic organisms. A similar suggestion has been made for the three last enzymes of haem biosynthesis (coproporphyrinogen III oxidase, protoporphyrinogen IX oxidase and ferrochelatase) of L. major and the third enzyme of the aminoethylphosphonate pathway (aminoethylphosphonate transaminase), found in L. major and T. cruzi [34] . In another possible scenario, the M32 genes were lost in an ancestral eukaryote, sometime after the ancestor of present-day trypanosomatids had branched off the tree. This hypothesis can also explain the absence of M32 genes in eukaryotic organisms that evolved from this hypothetical ancestor lacking M32 genes. However, to explain the apparent absence of M32 genes in early branching eukaryotes (such as Giardia lamblia, 11.3× genome coverage; Entamoeba histolytica, 8× genome coverage; or Trichomonas vaginalis, 6× genome assembly), one would have to postulate additional gene loss events. In the light of these observations, the first scenario stands as the most parsimonious. However, given that there is limited coverage of complete genome sequences from the early branches of the eukaryotic tree (mostly because of the paucity of extant organisms), the second evolutionary scenario (gene loss in other early branches) cannot be discarded.
No biological function has yet been assigned to peptidases of the M32 family. Nevertheless, microarray experiments on the hyperthermophilic archaeon P. furiosus suggest that M32 peptidases may be involved in the utilization of peptides and proteins for nutrition in this organism, since the relative transcript levels of the ORF PF0456 (coding for an M32 peptidase) are up-regulated 2.6-fold when cells are grown in media containing peptides as the primary carbon source compared with those grown in maltose [36] . Additional experiments performed on Bacillus subtilis knockout for the YpwA gene have shown that the enzyme is not essential for growth in glucose medium. Notably, this mutant showed improved growth in terms of rate and yield of biomass formation [37] . Additional clues about the possible roles of these enzymes can be derived from the analysis of the crystal structure of PfuCP. This analysis revealed that the enzyme has a fold similar to those of ACE (angiotensin-converting enzyme) [38, 39] , ACE2 [40] , neurolysin [18] and TOP (thimet oligopeptidase) [41] , all of which are zinc metallopeptidases with no detectable sequence similarity to M32 peptidases. Whereas ACE is a crucial regulator of the renin-angiotensin system, converting the inactive decapeptide angiotensin I into the potent vasoconstrictor angiotensin II, many biologically active peptides could be hydrolysed by ACE2 [42] . TOP has been implicated in the metabolism of a number of small peptides in the central nervous system, and recent studies have also demonstrated that this enzyme is primarily responsible for degrading peptides released from proteasomes [43] , thereby limiting the extent of antigen presentation by MHC class I molecules [44] . Thus we can speculate that a major role of the TcMCPs might be the degradation of peptides, such as those produced by the proteasomes, in the cytosol. However, a possible role in the processing of proteins and small regulatory peptides cannot be excluded at present.
Previous studies on M32 peptidases focused their attention on the possibility of using these enzymes in C-terminal ladder sequencing of proteins and peptides. Today, apart from the possible biotechnological applications, it is clear that M32 sequences are present in human pathogens such as Vibrio, Rickettsia, Yersinia, Legionella, Leptospira, Listeria, Enterococcus, Bacillus and also the Trypanosomatidae family. Thus the apparent absence of these enzymes in most eukaryotic organisms, including mammals, makes the M32 family a unique group of peptidases, particularly suitable for exploration as possible drug targets against these organisms. Validation of TcMCP-1 and TcMCP-2 as targets will require further studies with deletion mutants and permeant inhibitors.
